Abstract:A new chromium(III) ion-imprinted polymer (IIP) was prepared from a Cr(III)-nicotinate complex (template), acrylamide (functional monomer), and ethylene glycol dimethacrylate (cross-linking agent) using 2,2'-azobisisobutyronitrile as the radical initiator. IIP was characterised and used as a selective sorbent for the solid-phase extraction of Cr (III) ions. The conditions for dynamic separation of Cr(III) on IIP were optimised. Cr(III) ions are selectively retained on the sorbent in a pH range from 9 to 10 and can be eluted with 4 mol L −1 acetic acid. Cr(III) ions were determined by flame atomic absorption spectrometry (FAAS) with a detection limit of 0.08 µ g mL −1 . The method was successfully applied to determine Cr(III) species in wastewater and reference material RES 25.2 with a reproducibility of 1.8%-3.4%.
from nonferrous metal mining, stainless steel production, and the leather tanning and dressing industry. The chromium concentration in wastewater is in the range of 3-30 mg L −1 for Cr(VI) and 5-100 mg L −1 for total chromium, but much higher values have also been observed (e.g., 1800-3200 mg L −1 in wastewater from electroplating factories 12 ). According to governmental regulations in Poland, the maximum concentration of chromium in sewage that can be introduced into water or soil must be below 0.05-0.50 mg L −1 of Cr(VI) and 0.5-1.0 mg L −1 of the total chromium, depending on the type of industry. 13 Speciation analysis of chromium in wastewater samples is currently indispensable in order to assess its risk to humans.
Different separation methods coupled with species nonspecific detection techniques, such as atomic absorption spectrometry (AAS), inductively coupled plasma optical emission spectrometry (ICP-OES), and inductively coupled plasma mass spectrometry (ICP-MS), were proposed for chromium speciation analysis in environmental samples. Among them, as has been reported in review papers, chromatography, 14, 15 liquidliquid extraction, 16−18 and solid-phase extraction (SPE) 19−21 are the most extensively used. Nowadays, flow systems based on SPE have been recognised as excellent tools for the automation of sample pretreatment, including separation and/or preconcentration of chromium species. 22 Different sorbents have been used for chromium speciation analysis in wastewater (Table 1) . Different chromium forms are retained on commercially available sorbents 23 or sorbents functionalised with reagents containing anion or cation exchange functional groups, 24 chelating groups, 25−27 microorganisms, 28 or as organic complexes on sorbents possessing adsorptive properties. 28, 29 The need for more selective systems has resulted in the development of sorbents of a new generation, such as ion-imprinted polymers (IIPs). The selectivity of IIPs arises mainly from specific interaction between the ligand and metal ion, the coordination geometry, and the coordination number of the metal ion, as well as the charge and size of the metal ion. 
35,37
The aim of our work was to prepare a new selective polymeric sorbent with an imprinted Cr(III)-nicotinate complex for the separation of chromium(III) ions. The Cr(III) ion-imprinted polymer was prepared by precipitation polymerisation using acrylamide as the functional monomer, ethylene glycol dimethacrylate as the cross-linking agent, and 2,2'-azobisisobutyronitrile as the radical initiator. IIP was tested as a sorbent in the dynamic SPE procedure and applied for selective separation of Cr(III) from wastewater prior to being determined by FAAS.
Results and discussion
Cr(III)-nicotinate complexes are not well characterised since they are insoluble in water and other common solvents. Both the formula and structure of the complexes depend on the molar ratio of the reagents (Cr to nicotinic acid) and on the conditions (temperature, acidity) used during the synthesis reaction. 41 In this paper, Notes: * -sensitivity; ** -dispersive SPE with using ultrasonic bath (US) NDSA -polystyrene divinyl benzene copolymer functionalised with 2-naphthol-3,6-disulphonic acid; dithizone-SBA-15 -mesoporous silica SBA-15 modified with dithizone; IIP: Cr(III)-8-HQ-St-DVB -Cr(III)-8-hydroxyquinoline-imprinted poly(styrene-co-divinylbenzene).
Optimisation of the separation procedure of Cr(III) ions on IIP
Parameters influencing retention and elution of the analyte were initially optimised in order to evaluate the sorption properties of IIP toward Cr(III) ions.
Effect of pH on the retention of Cr(III)
The effect of pH of a sample on the retention of the analyte (10 µ g of Cr(III)) was tested in a pH range from 2 to 11 (adjusted with HCl or NaOH solution) ( Figure 1 ). It is worth mentioning that nicotinic acid, depending on the pH of the solution, can exist in three protolytic forms, with pK a1 and pK a2 values equal to 2.01 and 4.72. 44 The lowest retention of chromium(III) on the polymer was observed at a pH range of 3-5 due to the lack of interaction between the analyte's cationic forms and the neutral form of the ligand. The efficiency of retention of Cr(III) ions on the IIP polymer increases at pH > 6 and reaches a maximum at a pH range of (at pH > 9). 8 We presume that single-charged anions, which are coordinated as ligands to hexacoordinated Cr(III) complexes, can be exchanged with the negatively charged carboxylic group of nicotinic acid that is imprinted in the polymer. Therefore, retention of the analyte is the effect of the analyte's interaction with the anionic form of nicotinic acid as well as of the presence of specific cavities on the imprinted particles. The retention of Cr(III) ions on the control polymer (CP) at the studied pH range was below 30%, probably due to unspecific bonding of the analyte on the polymeric matrix. 
Effect of the sample's flow rate on the retention of Cr(III)
The influence of the sample's flow rate (from 0.3 to 0.9 mL min −1 ) on the retention of chromium(III) on the polymer was insignificant. However, the small size of the polymeric particles caused problems with sample throughput. It was found that conditioning of the sorbent with 0.1% sodium lauryl (dodecyl) sulphate (SDS) solution as well as adding SDS to the sample improved the sample's flow through the column due to a reduction in surface and interfacial tension. Hence, ultimately a sample flow rate of 0.6 mL min −1 was used in subsequent studies.
Optimisation of elution
The efficiency of elution of Cr(III) ions from the polymeric sorbent was studied using acetic acid (CH 3 COOH)
as a complexing agent (log β 1 = 4.63). Solutions of acetic acid (4 mL) in a concentration range from 0.5 to 4
mol L −1 were tested independently for desorption of Cr(III) from the column at a flow rate of 0.9 mL min −1 .
It was found that the efficiency of elution of Cr(III) ions increased from 73% to 94% along with an increasing concentration of the stripping agent from 0.5 mol L −1 to 4 mol L −1 . The reason for this is that the nitrogen atoms of nicotinic acid are protonated in such a strong acid solution and have lost their ability of coordination with heavy metals. Moreover, the carboxylic group of nicotinic acid is also protonated. The influence of the eluent's volume on the elution efficiency of Cr(III) was studied in the range of 1-4 mL. It was found that 4 mL of 4.0 mol L −1 CH 3 COOH was necessary for quantitative elution of Cr(III).
Retention of Cr(VI) ions on IIP and CP polymers at pH 9 was below 20%. It was observed that more than 90% of Cr(VI) retained on IIP was removed with 2 mL of Milli-Q water, which indicates nonspecific sorption of this ion on the sorbent. However, a small amount of Cr(III) (5%-7%) was also eluted with Milli-Q water. Hence, in order to improve the selectivity of the procedure we decided to rinse the column with water before elution of the Cr(III) ions. This additional step allowed us to remove most of the Cr(VI) ions from the column.
Under optimised conditions, the efficiency of Cr(III) retention on IIP evaluated for 6 subsequent cycles was 93.7 ± 3.8%; the efficiency of elution was 94.7 ± 4.2%. The recovery of Cr(III), defined as the ratio of the mass of analyte determined in the eluent to the mass of analyte loaded on the column, was 88.6 ± 2.6%. In order to determine the sorption capacity of IIP and CP towards Cr(III) ions, the standard solution of Cr(III) (7 µ g mL −1 ) was passed through columns filled with 25 mg of IIP or CP under optimised conditions. Successive fractions of effluent (2 mL) were collected and examined to determine the chromium level. The sorption capacity was evaluated on the basis of the maximum volume of standard solution for which the analyte was still quantitatively retained (>80%). The sorption capacity was calculated at 4.5 mg g −1 for IIP and 1.8 mg g −1 for CP.
Characteristics of polymers
The polymer was subjected to numerous loading and elution operations in order to check the stability of the sorbent in the flow procedure. Reproducible results were obtained for more than 100 successive sorptiondesorption cycles, indicating good stability of IIP. The prepared material was characterised by much longer reusability than other Cr-imprinted polymers. 
Selectivity study
The influence of metal ions commonly present in environmental samples (Cu(II), Ni(II), Mn(II), and Co(II)) was studied regarding selectivity of IIP towards Cr(III). For that purpose, solutions containing equivalent amounts of Cr(III) and competitive metal (Me) ions (5 µ g mL −1 ) were passed through columns filled with IIP and CP.
The concentration of the analyte and the metal ions in the effluent was measured by FAAS. The distribution coefficient (D), selectivity coefficient of Cr(III) ions ( α), and relative selectivity coefficients were calculated using the following equations: A comparison of the selectivity coefficients for the Cr(III) ions on the IIP and CP showed that the α values for IIP were greater than for CP ( Table 2) . The values of the relative selectivity coefficients were in the range of 1.6 to 3.7, which indicates that Cr(III) ions can be selectively removed from aqueous samples even in the presence of other metal ions. The IIP polymer was tested for the separation of Cr(III) and Cr(VI) ions. For that purpose, solutions containing different concentrations of Cr(III) and Cr(VI) ions were loaded on the column, then the column was rinsed with 2 mL of Milli-Q to remove the Cr(VI) ions, and Cr(III) was eluted and determined by FAAS. Good recovery of Cr(III) (Table 3) indicates that the method can be used for the separation of Cr(III) from Cr(VI) species. 
Method validation and application
Analytical performance of the method was evaluated under optimised experimental conditions. Repeatability of the separation process of Cr(III) ions on IIP obtained for 6 subsequent cycles was apparent as relative standard deviation (RSD) and was equal to 2.9%. The calibration graph of Cr(III) was prepared by loading 4 mL of of the method were calculated according to the IUPAC recommendation 45 at LOD = 3 SD blank /a, and LOQ = 10 SD blank /a, where SD blank is a standard deviation of the absorbance of a blank sample subjected to the separation procedure, while a is a slope of the calibration graph. The LOD obtained for 10 successive analytical cycles was 0.08 µ g mL −1 , while LOQ was 0.24 µ g mL −1 for 10 mL of a sample.
Applicability of the method was tested for different volumes of samples (2-10 mL) of different concentrations (1-8 µ g mL −1 ) . It was found that recovery of the analyte from 10 mL of 1 µg mL −1 solution was 77.7 ± 4.8% (n = 3), whereas from 5 and 10 mL of 2.5 µ g mL −1 solution it was 100.4 ± 4.0% and 107.1 ± 5.5%
(n = 3), respectively.
The reference material (RM) of municipal wastewater RES 25.2 was used to study the accuracy of the method. This reference material possesses a certified property value of the total chromium concentration, but we confirmed, using the method based on ion exchange chromatographic (IC) separation of chromium forms coupled with their determination by ICP-MS, 46 that it contains Cr(III) ions only. An accurate determination of the chromium content in this material by FAAS is impossible due to the significant influence of matrix constituents on the chromium signal (the recovery was only 55% of the certified value). The recovery of chromium obtained by the standard addition method increased to 84%, but this result still shows the presence of matrix interferences. Our basic studies concerning the effect of potential matrix components on the analytical signal of chromium measured directly by the FAAS technique showed that the presence of nickel(II), copper(II), and manganese(II)
ions in a concentration range of 5-200 mg L −1 changed the absorbance of chromium by 2%-12%. A more significant effect was observed in the presence of Fe(III) and Co(II) ions, as the decrease in the Cr signal was in the range 30%-40%. It is evident from these results that accurate results of determining Cr in complicated samples may be obtained only after chemical separation of the analyte from the interfering matrix. The recovery of Cr(III) from RM after its separation on IIP was 89.9 ± 3.1%, n = 6, which confirmed the accuracy of the developed procedure.
The procedure was applied to an analysis of chromium in treated municipal wastewater. The samples were filtered through a 0.45 µ m Supelco membrane filter, adjusted to pH 9 with sodium hydroxide and left for equilibration. However, as the concentration of Cr(III) in the analysed samples was below the LOQ of the method, the samples were spiked with 12 µ g of Cr(III). The absence of the Cr(VI) form in the analysed samples was proved by the IC-ICP-MS method. The recovery of Cr(III) was in the range of 81%-90% (Table 4) .
Reproducibility of the separation procedure for different wastewater samples was below 3.5%. It confirmed that the developed SPE method using IIP is suitable for chromium speciation analysis in contaminated wastewater. A comparison of the analytical parameters of the developed method and previously published methods for analysis of chromium(III) in wastewater is summarised in Table 1 . As can be observed, the developed method is characterised by good reproducibility, small consumption of reagents, and short analysis time. species from wastewater, which was confirmed by an analysis of the reference material.
Experimental

Instrumentation
A Solaar M6 atomic absorption spectrometer (Thermo Electron Corporation, UK) with atomisation in an airacetylene flame and deuterium background correction was used to determine the concentration of chromium. A chromium hollow cathode lamp (Photron, Australia) was operated at a 6 mA current. The measurements were done at λ = 357.9 nm with a spectral bandpass of 0.5 nm.
The surface morphology of the polymers' particles was examined using an Inspect S50 scanning electron microscope (SEM) (Hitachi, USA). The polymers were coated under reduced pressure with a thin gold layer, which improved the secondary electron signal required for their topographic examination.
The infrared spectra of polymers by Fourier transform infrared spectroscopy (FTIR) were obtained using a Nicolet Magna IR 550 Series II FTIR spectrophotometer (Thermo Scientific, Japan). Pore-size distribution and specific surface area of the particles were determined via nitrogen adsorption/desorption according to the BET method using a Gemini VII 2390 surface area and porosity analyser (Micrometrics, USA).
A flow SPE system was used for chromium separation. The system consisted of a peristaltic pump Minipuls 3 (Gilson, France), PTFE tubing of i.d. 0.8 mm, and glass adsorption columns (i.d. 10 mm) filled with 25 mg of the polymeric sorbent. Both ends of the columns were blocked with PTFE membranes. An inoLab pH Level 1 (WTW, Germany) pH meter equipped with an electrode SenTix 21 (WTW, Germany) was used for the pH measurements.
Reagents
A stock solution (20 Reference material from a wastewater treatment plant of urban origin RES 25.2 (Ielab Calidad, Spain) was used for the accuracy studies. The wastewater samples were delivered from a municipal sewage treatment plant (Bialystok, Poland).
Preparation of the chromium(III) imprinted polymer
The Cr(III)-nicotinate complex was prepared according to a procedure described elsewhere. 
